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UHGXFHWKH FRVWDQG ZHLJKW RI FRPSRQHQWV7KHDSSOLFDWLRQVRI GLVVLPLODUPHWDO DOXPLQLXP ± FRSSHUDOOR\VDUHZLGHO\LQYROYHGLQ
GHIHQFHDYLDWLRQSRZHU WUDQVPLVVLRQDQGDXWRPRELOH LQGXVWULHVGXH WR LWVFRPELQDWLRQVRISURSHUWLHVVXFKDV KLJKVWUHQJWK WR
ZHLJKWUDWLRH[FHOOHQWPHFKDQLFDOSURSHUWLHV KLJKUHVLVWDQFHWRFRUURVLRQDQGORZGHQVLW\ +RZHYHUWKH MRLQLQJRIDOXPLQLXPWR
FRSSHUE\FRQYHQWLRQDOIXVLRQZHOGLQJWHFKQLTXHVDUHQRWIHDVLEOHWRZHOGEHFDXVHRIWKHQHZO\IRUPDWLRQRIEULWWOHLQWHUPHWDOOLF
FRPSRXQGVDWWKHZHOGSRRO+HQFHWRRYHUFRPHWKHVHSUREOHPV QHZZHOGLQJSURFHVVHV ZLWKKLJKUHOLDELOLW\DQGSURGXFWLYLW\
IRU WKHVHFRPELQDWLRQVRIGLVVLPLODUPDWHULDOVDUHGHPDQGHG7KHSUHVHQWZRUN WKHUHIRUH VWXGLHG WKHFRQWLQXRXVGULYH IULFWLRQ
ZHOGLQJRIDOXPLQLXPWRFRSSHUIRUGHIHQFHDSSOLFDWLRQV $VDUHVXOWWKHWHQVLOHVWUHQJWKRIWKHMRLQWVDFKLHYHGZDVKLJKHU
WKDQ EDVHPDWHULDO RI WKH DOXPLQLXP 7KHPLFURVWUXFWXUDO FKDUDFWHUL]DWLRQ RI WKHZHOG LQWHUIDFH ZDV DQDO\VHG E\ RSWLFDO DQG
VFDQQLQJHOHFWURQPLFURVFRS\DQG;UD\GLIIUDFWLRQDQDO\VLVWHFKQLTXH 0LFURKDUGQHVVSURILOHDFURVVWKHZHOGVZDVVKRZLQJWKH
PD[LPXP KDUGQHVV YDOXH REWDLQHG DW ZHOG LQWHUIDFH 7KH MRLQWVZHUH H[DPLQHG ZLWK ;UD\ GLIIUDFWLRQ WHFKQLTXH LQ RUGHU WR
XQGHUVWDQGWKHIRUPDWLRQRIVHFRQGDU\SKDVHVDW ZHOGLQWHUIDFHGXULQJZHOGLQJ 7HQVLOHIUDFWXUHRIWKHZHOGHGMRLQWRFFXUUHGDW
DOXPLQLXPVLGHDQGWKHIUDFWXUHPRUSKRORJ\FKDUDFWHUL]LQJE\GXFWLOHPRGHRIIDLOXUHZLWKGLPSOHVWUXFWXUH
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 ,QWURGXFWLRQ
$OXPLQLXPDQGLWVDOOR\VDUHFKDUDFWHUL]HGE\ KLJKVWUHQJWKWRZHLJKWUDWLRIRUPDELOLW\ EHWWHUZHOGDELOLW\ ORZ
VSHFLILF JUDYLW\ DQG DV ZHOO DV H[FHOOHQW FRUURVLRQ UHVLVWDQFH LQ VHD ZDWHU DQG PDQ\ FRUURVLYH HQYLURQPHQWV ,Q
FRQVLGHUDWLRQRILWVSURSHUWLHVDOXPLQLXPLVSDUWLFXODULQWHUHVWLQERWKDXWRPRELOHDQGDHURVSDFHDSSOLFDWLRQV +DWFK
 +RZHYHU WKH\DUHQRWHQWLUHO\ UHSODFHGE\FRSSHUZKLFKKDVKLJKHU VWUHQJWKJRRGZHOGDELOLW\DW FHUWDLQ
VWUXFWXUHV 7KHUHIRUH LW LV QHFHVVDU\ WR MRLQ FRSSHU WR DOXPLQLXP DOOR\V ,Q UHFHQW \HDUV MRLQLQJ RI GLVVLPLODU
PDWHULDOV ZDV LQYHVWLJDWHG EHFDXVH RI LWV FRPSOH[ IXQFWLRQV DQG VHYHUDO DSSOLFDWLRQV LQ WKH WUDQVSRUWDWLRQ DQG
PDQXIDFWXULQJ LQGXVWULHV 7KH MRLQLQJ RI GLVVLPLODU PDWHULDOV LV FRPSXOVRU\ LQ PRVW HQJLQHHULQJ DSSOLFDWLRQV
7\SLFDOIXVLRQZHOGLQJWHFKQLTXHVVXFKDVJDVZHOGLQJDUFZHOGLQJDQGKLJKHQHUJ\EHDPZHOGLQJDUHLQYROYHGLQ
H[FHVVLYH KHDWLQJ FDQ FDXVH GHWHULRUDWHV WKH ZHOGV LQFOXGLQJ ZHDNHQLQJ WKH VWUHQJWK DQG GLVWRUWLRQ :HLJO HW DO
DQG0XUDOLHWDO 
7KH MRLQLQJRIGLVVLPLODUPHWDOVVXFKDVDOXPLQXP WRFRSSHUE\FRQYHQWLRQDOZHOGLQJSURFHVVHV LV UHVXOW LQDQ
XQUHOLDEOH ZHOG GXH WR WKH RFFXUUHQFH RI VWUHVV FRQFHQWUDWLRQ FKHPLFDO VHJUHJDWLRQ DQG IRUPDWLRQ RI EULWWOH
LQWHUPHWDOOLFFRPSRXQGV ,WLVYHU\GLIILFXOWWRUHPRYHRIR[LGHOD\HUIURPDOXPLQLXPZKLOHGXULQJWKHZHOGLQJWKH
GLIIHUHQFHLQPHOWWHPSHUDWXUHVRIWKHVHWZRPDWHULDOVFDXVHWRH[KLELWKLJKWKHUPDOFRQGXFWLYLW\DQGWHQGVWRIRUP
WKHEULWWOHLQWHUPHWDOOLFV %HKFHW  $FRPPRQWHFKQLTXHRIPHWDOOLFERQGKDVEHHQDFFRPSOLVKHGWRERQGWKH
DOXPLQXPSODWHZLWKDQRWKHUPHWDOWKDWIDFLOLWDWHVVROGHULQJEXWWKLVSUDFWLFHFRQVWUDLQHGWRRQO\VPDOOMRLQWVDQGLW
LQYROYHV LQ PDQ\ VWHSV (VODPL HW DO  UHSRUWHG WKH GLIIXVLRQ ERQGLQJ RI DOXPLQLXP WR FRSSHU DFKLHYHG
PD[LPXP VKHDUVWUHQJWKDQGREVHUYHGWKDWWKHFRQWDFWVXUIDFHVDUHSRRUDWERQGLQJ 7KHPXOWLSKDVHGLIIXVLRQRI&X
WR$ODWGLIIXVLRQERQGOLQHVDUHFDXVHGWRIRUPDWLRQRI&X$OLQWHUPHWDOOLFVGXHWRWKHKLJKERQGLQJWHPSHUDWXUHV
<DMLH HW DO  $EEDVL HW DO  UHSRUWHG WKDW UROO ERQGLQJ RI $OFX ZHOGV DUH ZHDN LQ VWUHQJWKZLWK WKH
IRUPDWLRQ RIEXON LQWHUPHWDOOLFV OD\HUV7KH MRLQWV EHWZHHQ&XDQG$OSURGXFHGE\EUD]LQJ WHFKQLTXH )HQJ HW DO
DQGIRXQGWKDWWKHGLIILFXOWLHVZLWKILQGLQJDSURSHUILOOHUPHWDOVDQGSUREOHPVDUHDVVRFLDWHGZLWKGXFWLOLW\
RIWKHMRLQWV
0DQ\ LQYHVWLJDWLRQV KDYH UHVHDUFKHGRQ WKHSURGXFLQJRI D UHOLDEOH&X$O MRLQWV WRRYHUFRPH WKHSUREOHPV LQ
ZHOGLQJ RI WKHVH WZR GLVVLPLODU PDWHULDOV /HH HW DO  GLVFXVVHG WKH LQWHUPHWDOOLFV HIIHFW PHFKDQLFDO DQG
HOHFWULFDO SURSHUWLHV RI WKH &X$O IULFWLRQ ZHOGV 0DL HW DO  VWXGLHG WKH FKDUDFWHULVWLFV RI $O&X MRLQWV
SURGXFHG E\ ODVHU EHDPZHOGLQJ 0XPLQ  VWXGLHG WKH IULFWLRQ ZHOGLQJ RI FRSSHU WR DOXPLQLXP H[FHOOHQW
PHFKDQLFDO SURSHUWLHV REVHUYHG DQG IRXQG WKH LQFUHDVH LQ KDUGQHVV WRZDUGV ZHOG LQWHUIDFH 0HFKDQLFDO
PLFURVWUXFWXUDOHYDOXDWLRQVRI&X$OMRLQWVSURGXFHGE\IULFWLRQVWLUZHOGLQJ7DQHWDODQGLQYHVWLJDWHGWKDW
WKH VWLU ]RQH FRQWDLQV WKH IRUPDWLRQ RI &X$O LQWHUPHWDOOLFV DQG LQKRPRJHQHRXV KDUGQHVV GLVWULEXWLRQ 7KRXJK
H[FHSWIULFWLRQZHOGLQJWKHGLVFXVVHGRWKHUMRLQLQJPHWKRGVDUHDOODULVLQJYDULRXVSUREOHPVZLWKLQ WKHZHOGV0DQ\
DXWKRUV KDYH UHFHQWO\ FRQGXFWHG H[WHQVLYH LQYHVWLJDWLRQ LQWR WKH IULFWLRQ ZHOGLQJ RI GLVVLPLODU PDWHULDOV 7KH
EHQHILWVRIMRLQLQJRIGLVVLPLODUPDWHULDOVDUHWKHFRPELQDWLRQRIORZVSHFLILFZHLJKWJRRGFRUURVLRQUHVLVWDQFHRI
RQHPDWHULDODQGJRRGPHFKDQLFDOSURSHUWLHVRIRWKHUPDWHULDO 7KHPDMRUDGYDQWDJHRIWKLVSURFHVVGHULYHVIURPLWV
DSSOLFDELOLW\WRMRLQGLVVLPLODUPDWHULDOV0DQ\FRPELQDWLRQV WKDWFDQEHIULFWLRQZHOGHGFDQQRWEHMRLQHGE\IXVLRQ
ZHOGLQJ SURFHVV EHFDXVH RI WKH IRUPDWLRQ RI EULWWOH SKDVHV ZKLFK PDNHV WKH ZHOG MRLQW SRRU LQ PHFKDQLFDO
SURSHUWLHV6KRUWZHOGWLPHVRIIULFWLRQZHOGLQJDQGDEVHQFHRIPHOWLQJDOORZPDQ\FRPELQDWLRQVRIPDWHULDOVWREH
MRLQHG0XUDOLPRKDQHWDO
,QWKLVZRUNGLVVLPLODUIULFWLRQ ZHOGLQJRI7DOXPLQLXPWRFRPPHUFLDOO\SXUHFRSSHUURGVZDVFDUULHGRXW
DQGDVVHVVPHQWRIPHFKDQLFDOSURSHUWLHVDQGPLFURVWUXFWXUDOFKDUDFWHUL]DWLRQRIGLVVLPLODUMRLQWVZHUHLQYHVWLJDWHG
7KHIRUPDWLRQRIGLVVLPLODUMRLQWVSURGXFHGE\IULFWLRQZHOGLQJEDVHGRQWKHH[SHULPHQWDOUHVXOWVZDVGLVFXVVHG
 ([SHULPHQWDOSURFHGXUH
7KHPDWHULDOVXVHG LQ WKHSUHVHQWH[SHULPHQWZHUH7DOXPLQLXPDOOR\DQG LQGXVWULDO FRPPHUFLDOO\SXUH
FRSSHULQWKHIRUPRIF\OLQGULFDOURGV7KHIULFWLRQZHOGLQJFRQGXFWHGRQWKHVSHFLPHQGLPHQVLRQVRIPPLQ
OHQJWKDQGPPLQGLDPHWHUDUHXVHG7KHFKHPLFDOFRPSRVLWLRQDQGPHFKDQLFDOSURSHUWLHVRIWKHVXEVWUDWHVZHUH
VKRZHG LQ 7DEOH  DQG  UHVSHFWLYHO\ 7KH FRQWLQXRXV GULYH IULFWLRQ ZHOGLQJ PHWKRG ZDV XVHG WR SHUIRUP WKH
IULFWLRQ ZHOGLQJ MRLQWV 7KH ZHOGV ZKLFK ZHUH PDGH EHWZHHQ $$  7 DOXPLQLXP DQG FRSSHU E\ IULFWLRQ
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ZHOGLQJ HDFK GHIRUPDWLRQ UHVLVWDQFH GLIIHUV JUHDWO\ LQ WKDW WKH DOXPLQLXP EDVH PHWDO GHIRUPV E\ SODVWLF
GHIRUPDWLRQGXULQJ MRLQLQJ7KH$ODOOR\PDLQWDLQHGDVD URWDWLQJSDUWDQGFRSSHUSRVLWLRQHGDVDVWDWLRQDU\SDUW
5HVXOWHGZHOGVREWDLQHGWKHFLUFXODUIODVKGLDPHWHURQ$OVLGHLVODUJHUWKDQWKHFRSSHUVLGHVRWKDW WKHIODVKZDV
PDFKLQHG RQ ODWKH WR UHTXLUHG VL]H ,Q WKLV H[SHULPHQW WKH IULFWLRQZHOGLQJ SDUDPHWHUV VXFK DV IULFWLRQ WLPH DQG
IRUJLQJ SUHVVXUH DUH YDULHG ZKLOH WKH URWDWLQJ VSHHG IRUJLQJ WLPH DQG IULFWLRQ SUHVVXUH DUH KHOG DW FRQVWDQW
3DUDPHWHUV HPSOR\HG LQ SHUIRUPLQJ WKH YDULRXV WUDLOV DUH JLYHQ LQ7DEOH $IWHU FRPSOHWLRQ RI WKHZHOGLQJ WKH
VDPSOHWDNHQRXWIURPWKHPDFKLQHDQGWHQVLOHVDPSOHLVSUHSDUHGDVSHU$670(VWDQGDUG7KHVSHFLPHQVIRU9
QRWFK LPSDFW RI [[ PP DQG 9QRWFK LV SUHSDUHG DW ZHOG LQWHUIDFH RI  PP GHSWK DQG  DQJOH 7KH
WRXJKQHVVRI WKHUHVXOWHGZHOGV LV UHFRUGHGDWZLWK LQFUHDVH LQIRUJLQJSUHVVXUHDQG LQFUHDVH LQIULFWLRQ WLPH7KH
PHWDOORJUDSKLFWHFKQLTXHVZHUHDSSOLHGIRUDOOWKHZHOGVPDGHE\GLIIHUHQWSURFHVVSDUDPHWHUV
0LFURVWUXFWXUDO REVHUYDWLRQV RI WKH DVUHFHLYHG URGV DQG ZHOG LQWHUIDFHV ZHUH DFFRPSOLVKHG YLD RSWLFDO
PHWDOORJUDSK\ WHFKQLTXH DQG VFDQQLQJ HOHFWURQPLFURVFRSH 6(0DQDO\VLV 7KH WUDQVYHUVH VHFWLRQHGZHOGVZHUH
SUHSDUHG IRU PLFURVWUXFWXUDO REVHUYDWLRQ DV SHU VWDQGDUG PHWDOORJUDSK\ SURFHGXUHV 0LFURKDUGQHVV VXUYH\ ZDV
SHUIRUPHGDWWKHERQGLQWHUIDFHRIWKHMRLQWVDQGWKH]RQHVLPPHGLDWHERWKWKH FRSSHU DQGDOXPLQLXPDOOR\E\ZLWKD
GLJLWDOPLFURKDUGQHVV WHVWHU$ ORDGRI J IRU  V ZDV DSSOLHG WR WDNH WKH LQGHQWDWLRQRQ WKH VSHFLPHQV7KH
WHQVLOH IUDFWXUHVXUIDFHVRIWKHZHOGHG MRLQWV ZHUH H[DPLQHGXVLQJ6(0IRU ORFDWHVWKH IUDFWXUHDQGPRGHRIIDLOXUH
7KHSUHVHQFHRI LQWHUPHWDOOLFFRPSRXQGV LQ WKHUHDFWLRQ]RQHZDVFRQILUPHGE\;UD\GLIIUDFWLRQ;5' XVLQJD
FRSSHUWDUJHWRSHUDWHGDWYROWDJH N9DQGFXUUHQW P$
7DEOH &KHPLFDOFRPSRVLWLRQRIEDVHPDWHULDOVZW
0DWHULDOV 6L )H 0Q =Q 1L 7L &U 0J 6 3E 6Q $O &X
$ODOOR\            %DODQFH 
&RSSHU             %DODQFH
7DEOH0HFKDQLFDOSURSHUWLHVPDWHULDOVXVHGLQWKHH[SHULPHQW
%DVHPDWHULDOV 7HQVLOHVWUHQJWK03D (ODVWLF0RGXOXV *3D 'HQVLW\ JFP
$ODOOR\   
&RSSHU   
7DEOH)ULFWLRQZHOGLQJFRQGLWLRQV
)ULFWLRQSUHVVXUH03D )RUJLQJSUHVVXUH03D )ULFWLRQWLPHV )RUJLQJWLPHV 530
    
 5HVXOWVDQGGLVFXVVLRQV
 0LFURVWUXFWXUHRIZHOGHGMRLQWV
7KH MRLQWVKRZVWKHIRUPDWLRQRIKLJKHUIODVKZLWKLQFUHDVLQJLQIRUJLQJSUHVVXUHDQGIULFWLRQWLPH7KHIODVKZDV
REVHUYHGWREH IURPERWKDOXPLQLXPDQGFRSSHUPDWHULDOVDQGWKHRXWHUGLDPHWHURIWKHDOXPLQLXPIODVKLVOLWWOHELW
PRUH WKDQ WKDW RI FRSSHU VXJJHVWLQJ WKDW $O H[SHULHQFHG WRPRUH GHIRUPDWLRQ WKDQ FRSSHU 7KHPLFURVWUXFWXUDO
HYDOXDWLRQRIZHOGHG MRLQWV UHYHDOHG DSODVWLF GHIRUPDWLRQ ]RQH DQGKHDW DIIHFWHG ]RQHQHDU WR WKH LQWHUIDFH7KH
GLIIHUHQFHLQSK\VLFDODQGWKHUPDOSURSHUWLHVRIWKHPDWHULDOVWREHZHOGHGLQGLVVLPLODUPHWDOZHOGLQJDUHUHVXOWHG
LQDV\PPHWULFDOGHIRUPDWLRQ7KHIRUPDWLRQRIPRUHRXWHUIODVKRQDOXPLQLXPVLGH WKDQWKHFRSSHUVLGHLVEHFDXVH
RIORZVWUHQJWKRIDOXPLQLXP7KHZLGWKRIGHIRUPDWLRQ]RQHLVGHSHQGLQJRQWKHJHQHUDWLRQRIIULFWLRQDOKHDWGXH
WRWKHHIIHFWRIIULFWLRQWLPHDQGWKHDVIULFWLRQWLPHLQFUHDVHVZLGWKRIGHIRUPDWLRQLQFUHDVLQJDQGWKHKHDWDIIHFWHG
]RQH UHYHDOV DW WKH ZHOG LQWHUIDFH <LPD] HW DO  DQG 0XUDOLPRKDQ HW DO  :LWK DQ LQFUHDVH LQ
WHPSHUDWXUHGXHWRIULFWLRQWKH\LHOGVWUHQJWKRIFRSSHUGHFUHDVHVDQGWKHDWRPLFGLIIXVLYLW\LQFUHDVHVZKLFKUHVXOWV
LQPRUHLQWHUIDFLDOGHIRUPDWLRQDQGIDFLOLWDWHVWKHPHWDOOXUJLFDOERQGLQJ7KHSUHVHQFHRIGHIRUPHGJUDLQVLQFRSSHU
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)LJ2SWLFDOPLFURVWUXFWXUHVKRZVWKH+$=RIWKHMRLQWVD$ODQGE&XVLGH
)LJ0LFURVWUXFWXUHZHOGHGDWDOXPLQLXPWRFRSSHULQWHUIDFHRIWKHMRLQWVD2SWLFDOPLFURVFRS\DQGE6(0
LQGLFDWHVWKDWGHIRUPDWLRQLVQRWFRQILQHGWRDOXPLQLXPEXWFRSSHUDOVRVXEMHFWHGWRVRPHDPRXQWRIGHIRUPDWLRQ
QHDU WR WKH ZHOG LQWHUIDFH *HQHUDOO\ LQ IULFWLRQ ZHOGLQJ PHWKRG WKH SHULSKHU\ UHJLRQV H[SHULHQFHG PRUH KHDW
JHQHUDWLRQWKDQWKHFHQWUDOUHJLRQRIWKHZHOG'XHWRWKLVWKHFHQWUDOUHJLRQRIWKHZHOGVFRQVLVWVRIILQHU JUDLQVDUH
VKRZQLQ)LJ)LQHJUDLQVL]HDW FHQWUH UHJLRQLVGXHWRWKHG\QDPLFUHFU\VWDOOL]DWLRQ7KHPLFURVWUXFWXUHRIWKH
$O&XZHOGLQWHUIDFHLVVKRZQLQ)LJ7KH&X$OZHOGLQWHUIDFHLVFKDUDFWHUL]HGE\WKLQGLIIXVLRQOD\HUUHYHDOHGDW
$O VLGH QHDU WR WKH LQWHUIDFH7KH GLIIXVLRQ OD\HU WKLFNQHVV LQFUHDVHV ZLWK LQFUHDVLQJ IRUJLQJ SUHVVXUH 7KHZHOG
LQWHUIDFHLQ)LJDVKRZVWKDWWKLFNQHVVRIGLIIXVLRQOD\HUIRUPHGLQVHYHUDOPLFURQVRIZLGWKDQGLQGLFDWHVWKDW
WKH PRYHPHQW RI DWRPV WKURXJK WKH LQWHUIDFH RI &X DQG $O PDWHULDOV 7KH 6(0 PLFURVWUXFWXUH LQGLFDWLQJ WKH
GHIRUPDWLRQUHJLRQRQ$OVLGHQHDUWKHZHOGLQWHUIDFHLVVKRZQLQ)LJE
 0LFURKDUGQHVV VXUYH\
7KH PLFUR KDUGQHVV SURILOH RI WKH MRLQWV DFURVV WKH ZHOG UHJLRQ LV DQ LPSRUWDQW IDFWRU ZKLFK GHFLGHV WKH
PHFKDQLFDOSURSHUWLHVRIWKH MRLQWV7KHKDUGQHVV VXUYH\ZDVFRQGXFWHGDFURVVWKH$O±&X MRLQWLQWHUIDFHFRYHULQJ
EDVHPDWHULDODQGDEXWWLQJZHOGPDWHULDODIIHFWHGE\IULFWLRQDOKHDWLVGHPRQVWUDWHVLQ)LJ ,WFDQEHHQYLVDJHIURP
UHVXOWV VKRZLQJ HYHQWXDOO\ WKH DQDORJRXV WHQGHQF\ LQ KDUGQHVV GLVWULEXWLRQ DZD\ IURP LQWHUIDFH :KHUHDV LQ
LQWHUIDFH DUHD LW GHOLEHUDWHV KDUGQHVV SURILOH VOLJKWO\ VWUHQJWKHQV ZLWK KLJKHU LQ IRUJLQJ SUHVVXUH 7KHVH FKDQJHV
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)LJ+DUGQHVVSURILOHDFURVVWKH$O&XMRLQWV )LJ7KHFRUUHODWLRQEHWZHHQWHQVLOHVWUHQJWKDQGIRUJLQJSUHVVXUH
FDXVHGGXHWRWKHVOLJKWHUIULFWLRQDOKHDWLQSXWDFFHVVLEOHDWWKHLQWHULRUUHVXOWLQJRXWUDJHRXVVWUDLQKDUGHQLQJHIIHFW
7KH KLJKHVW KDUGQHVV YDOXH RQ DOXPLQLXP VLGH QHDU WKH ZHOG OLQHV LV GLUHFWO\ DVVRFLDWHG WR WKH PLFURVWUXFWXUH
FU\VWDOOL]HGLQWKHZHOGDVDUHVXOWRIKLJKGHQVLW\GLVORFDWLRQVGXULQJH[WHQVLYHSODVWLFGHIRUPDWLRQ+RZHYHUWKHUH
LVQRDSSUHFLDEOHLQFUHDVH LQKDUGQHVVLQFRSSHUVLGHHTXDWHGWRRULJLQDOKDUGQHVVRIWKHSDUHQWPDWHULDOUHSUHVHQWLQJ
WKDWVWUDLQKDUGHQLQJLV OHVVDQGWKHH[WHQWRIGHIRUPDWLRQ LVOLPLWHGRQFRSSHUFRPSDUHGWRDOXPLQLXP7KHSHDN
KDUGQHVVUHFRUGHGDW$O&X LQWHUIDFHFDQEHDWWULEXWHG WR WKHIRUPDWLRQRI LQWHUPHWDOOLFFRPSRXQGVRI$O±&XDQG
PLFURVWUXFWXUDOIRUPDWLRQ)HQJHWDOUHSRUWHGWKDWWKHGLVWLQFWLYHO\WKHKLJKHUKDUGQHVVYDOXHVRQWKH&XDQG
$OVLGHQHDUZHOGLQWHUIDFHDUHGXHWRWKHIRUPDWLRQRI&X$OLQWHUPHWDOOLFV FRPSRXQGV0RUHRYHUWKHKDUGQHVVRI
WKHGLIIXVLRQOD\HUVWUXFWXUHVZDVPHDVXUHGDVKLJKDV+9ZKLFKRQHPRUHWKDQWKDWRIWKHGHIRUPDWLRQDUHDRQ
HLWKHU&XRU$OPDWHULDOV3UHYLRXVH[SHULPHQWV LQGLFDWHG WKDW WKHKDUGQHVVRI WKH$O±&X LQWHUPHWDOOLFV ZDVYHU\
KLJKDVFRPSDUHGWRVXEVWUDWHVDQGWKHKLJKHVWKDUGQHVVYDOXHFRXOGUHDFK+9;XHHWDO7KHUHIRUHWKH
SHDNKDUGQHVVYDOXHVRIWKHLQWHUIDFHRULJLQDWHGPDLQO\IURPWKH$O±&XLQWHUPHWDOOLFV
 7HQVLOH DQGLPSDFWWHVWUHVXOWV
)ULFWLRQZHOGLQJRI&X$OMRLQWVZDVHYDOXDWHGIRUWKHLU MRLQWHIILFLHQF\WKURXJKWHQVLOHWHVWLQJ 7KHFRUUHODWLRQ
EHWZHHQIRUJLQJSUHVVXUHWHQVLOHVWUHQJWKRIWKHMRLQWVZDVGHSLFWHGLQ)LJ,WLVREVHUYHGWKDWWKHUHVXOWHGWHQVLOH
VWUHQJWKRIWKHZHOGVHQKDQFHGJUDGXDOO\WKURXJKDQLQFUHDVHLQIRUJLQJSUHVVXUHRYHUWKH03D7KHUHIRUH WKH
DYHUDJHWHQVLOHVWUHQJWKRIWKHZHOGVLV KLJKHUWKDQVWUHQJWKRIWKHDOXPLQLXPEDVHPDWHULDODQGWKHMRLQWHIILFLHQF\
LVKLJKHUWKDQWKHDOXPLQLXP 7KH ORQJHU IULFWLRQWLPHV DQG KLJKHU IRUJLQJSUHVVXUHLV GLUHFWO\UHODWHGWRWKH
VWUHQJWK RI WKH MRLQWV 7KH VHOHFWLRQ RI RSWLPXP IULFWLRQ WLPH LV GHSHQGLQJ RQ WKH FRPSRVLWLRQ RI WKHPDWHULDOV
IULFWLRQSUHVVXUHDQGURWDWLRQDOVSHHGRIWKHVSHFLPHQV7KHUHTXLUHGKHDWIRUSURGXFLQJWKHIULFWLRQZHOGHGMRLQWVLV
WKHGXUDWLRQ IULFWLRQ WLPHDQG WKHKHDW LV UDLVHG WRDFKLHYH WR UHTXLUH VRIWHQLQJ IRUPHWDOOXUJLFDOGHIRUPDWLRQDQG
VROLG VWDWHZHOGLQJ 7KRXJK LQ DOO WKH MRLQWV WHQVLOH IUDFWXUH RFFXUUHG DW DOXPLQXP VLGHQHDUHU WRZHOG LQWHUIDFH
VRPHMRLQWV DOVRIDLOHGDWZHOGLQWHUIDFH
,PSDFW VWUHQJWK UHVXOWV FRQILUPHG WKH LQIOXHQFHRI WHPSHUDWXUHRQZHOGV7KH WRXJKQHVVRI WKHZHOGVYDU\LQJ
WKURXJK GLIIHUHQW ZHOGLQJ SURFHVVHV DQG ZLWK YDULHV WHPSHUDWXUHV +HQFH WKH WRXJKQHVV LV GHSOHWLQJ ZLWK
LQDSSURSULDWHDVVRUWPHQWRISURFHVVSDUDPHWHUV7KHLQIODWHGIRUJLQJSUHVVXUHDPHOLRUDWHVLQDVVRFLDWLQJWKHERQGLQJ
RIWKHMRLQWV7KHH[SHULPHQWDOLPSDFWWHVWUHVXOWVDUHLQFUHDVHGZLWKIRUJLQJSUHVVXUHDQGWKHPD[LPXPVWUHQJWKRI
-DWWDLQHGDWIRUJLQJSUHVVXUH03DDQGIULFWLRQWLPH±V,PSDFWVWUHQJWKLVGHFUHDVLQJZLWKHQKDQFHPHQW RI
IULFWLRQSUHVVXUHGXHWRWKHKHDWGHYHORSPHQWLQWKHZHOGLQWHUIDFHLVDIIHFWHGRQODUJHUJUDLQVL]H7RXJKQHVVDQG
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)LJ6(0PLFURJUDSKRIWKHWHQVLOHIUDFWXUH VXUIDFH DW$OVLGH )LJ5HVXOWRI;5'DQDO\VLVRIWHQVLOHIUDFWXUHVXUIDFHRIWKH ZHOGV
WHQVLOH IUDFWXUH VWUHQJWKV LQWHQVLI\LQJ ZLWK DPSOLI\LQJ WKH IRUJLQJ SUHVVXUH DQG WKLV UHVXOWLQJ GXH WR HTXLD[HG
JUDQXODWHGJUDLQSDWWHUQZLWKH[RUELWDQWVWUDLQKDUGHQLQJHIIHFWRQKHDWDIIHFWHG]RQHDQGZHOGLQWHUIDFH
 )UDFWXUHGVXUIDFHDQDO\VLV
7KHUXSWXUHGVSHFLPHQVDIWHUWKHWHQVLOHDQGLPSDFWWHVWZHUHREVHUYHGE\6(0WRLGHQWLI\WKHIUDFWXUHORFDWLRQ
DQGPRGHRIIDLOXUH7HQVLOHIUDFWXUHREWDLQHGDWDOXPLQLXPEDVHPHWDOLVDGMDFHQWWRWKHZHOGLQWHUIDFHIRUPDMRULW\
RI MRLQWV7KH WHQVLOH IUDFWXUHG6(0PLFURVWUXFWXUH LVSUHVHQWHG LQ)LJ7KH6(0IUDFWXUHGJUDSKVSURSRXQGHG
WKDWWKHIUDFWXUHLVDVVRUWHGPDQQHU6RPHRIWKHIUDFWXUHPRUSKRORJ\GHSLFWHGWKDWWKHWHQVLOHVKHDULQJVXUIDFHGXH
WRWKHHIIHFWRIWHQVLRQWHVW7KHPRGHRIIDLOXUHLV SXUHO\GXFWLOHLQQDWXUHZLWKIRUPDWLRQRIGLPSOHVWUXFWXUH7KH
WRXJKQHVVLVLQFUHDVLQJZLWKWKHKLJKHUIRUJLQJSUHVVXUHVGXHWRKLJKHUGHIRUPDWLRQDQGWKHIDLOXUHRFFXUUHGXQGHU
LPSDFW ORDG ZDV QHDU WR WKH ZHOG LQWHUIDFH LV HYLGHQFHG WKDW WKH IDLOXUH DZD\ IURP ZHOG LQWHUIDFH DQG IUDFWXUH
REVHUYHGDVDGXFWLOHIDLOXUH7KLVFRQILUPVWKHIDFWWKDWMRLQWVKDVVWURQJZHOGLQWHUIDFHZKLFKLVIRUPHGZLWKJRRG
WRXJKQHVV
 ;5' DQDO\VLV
7KH;5' DQDO\VLV ZDV XWLOL]HG WR GHWHFW WKH LQWHUPHWDOOLF SKDVHV LQ WKH IUDFWXUH VXUIDFH DIWHU SHUIRUPLQJ WKH
WHQVLOH WHVW;5' SDWWHUQV IURP IUDFWXUHG VXUIDFHV RI WKH DOXPLQXP VLGH RI WKH MRLQWV ZKLFK ZHUH IDLOHG DW ZHOG
LQWHUIDFH DUHVKRZQLQ)LJ7KHGLIIUDFWLRQSHDNVLQGLFDWHWKHSUHVHQFHRI&X$ODQG&X$O LQWKHIUDFWXUHVXUIDFH
7KHFKDUDFWHULVWLFGLIIUDFWLRQSHDNVRIWKH&X$OSKDVHFRXOGEHFOHDUO\REVHUYHGKRZHYHUWKHGLIIUDFWLRQSHDNVRI
WKH&X$O SKDVHZHUHYHU\ZHDNZKLFKZDVGLIIHUHQWIURPWKH REVHUYDWLRQLQIULFWLRQZHOGLQJ&X$OMRLQWVZKHUH
WKHGLIIUDFWLRQSHDNVRIERWK&X$ODQG&X$O SKDVHVH[KLELWHGVDPHDQGOLWWOHKLJKHUUDQJHRILQWHQVLWLHV%KDPMLHW
DO  $JRRGPHWDOOXUJLFDO ERQGLQJEHWZHHQ WKH DOXPLQLXPDOOR\ DQG WKH FRSSHU DWRPV LV XVXDOO\ H[SHFWHG
ZKHQVPDOOQXPEHURILQWHUPHWDOOLFVIRUPHGDWWKHZHOGLQWHUIDFH;XHHWDO
 &RQFOXVLRQV
,Q WKLV VWXG\ WKH PLFURVWUXFWXUH RI IULFWLRQ ZHOGHG &X$O MRLQW DQG LWV ZHOG LQWHUIDFH FKDUDFWHUL]DWLRQ ZHUH
LGHQWLILHG DQG GLVFXVVHG 0RUHRYHU WKH FRUUHODWLRQ EHWZHHQ PLFURVWUXFWXUH DQG PHFKDQLFDO SURSHUWLHV ZDV
LQYHVWLJDWHG7KHIROORZLQJFRQFOXVLRQVZHUHPDGH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 $$7DOOR\DQGFRSSHUDUHMRLQHGVXFFHVVIXOO\E\IULFWLRQZHOGLQJZLWKRQRSWLPL]HGSDUDPHWHUV
VXFKDVIRUJLQJSUHVVXUHRI03DDQGIULFWLRQWLPHRIV
 7KHIULFWLRQZHOGMRLQWVKDYHDFKLHYHGDKLJKHUWHQVLOHVWUHQJWKFRPSDUHGWRWKHLUEDVHPHWDOVWUHQJWK
7KHDYHUDJHWHQVLOHVWUHQJWKDQGHORQJDWLRQRIWKHGLVVLPLODUMRLQWVDUH03DDQGUHVSHFWLYHO\
 7KHPLFURKDUGQHVVYDOXHFRQVWDQWO\ LQFUHDVLQJ WRZDUGV WKHZHOG LQWHUIDFHGXH WR WKH VWUDLQKDUGHQLQJ
HIIHFW7KHKLJKHVWKDUGQHVVLQGLFDWHGDWGLIIXVLRQOD\HULQWKHLQWHUIDFHRIWKHSUHVHQFHLQWHUPHWDOOLFV
 7KH PLFURVWUXFWXUDO FKDUDFWHUL]DWLRQ VKRZV WKDW WKH ZHOGV EHWZHHQ &X DQG $O DFFRPSDQLHG E\ WKH
GLIIXVLRQ$OLQWRWKH&X
 7HQVLOH IUDFWXUHVWXGLHV LQYHVWLJDWHV WKDW WKHIUDFWXUH LV LQGXFWLOHPRGHRI IDLOXUHZLWK WKHSUHVHQFHRI
GLPSOHVVWUXFWXUHV
 ;5'VWXGLHVFRQILUPHGWKHIRUPDWLRQRI &X$ODQG&X$O LQWHUPHWDOOLFVLQWKHMRLQWVIDLOHGDWLQWHUIDFH
ZLWKORZWHQVLOHVWUHQJWK
5HIHUHQFHV
$EEDVL0.DULPL 7$ 6DOHKL 70 *URZWK5DWH RI ,QWHUPHWDOOLF&RPSRXQGV LQ$O&X%LPHWDO3URGXFGE\&ROG5ROO :HOGLQJ
3URFHVV-RXUQDORI$OOR\VDQG&RPSRXQGV 
%HKFHW*,QYHVWLJDWLRQRI,QWHUIDFH3URSHUWLHVDQG:HOGDELOLW\RI$OXPLQXPDQG&RSSHU3ODWHVE\([SORVLYH:HOGLQJ0HWKRG0DWHULDOV
DQG'HVLJQ
%KDPML ,0RDW5 - 3UHXVV07KUHDVJLOO 3 /$GGLVRQ$& 3HHO0 -   /LQHDU )ULFWLRQ:HOGLQJ RI$OXPLQLXP WR&RSSHU
6FLHQFHDQG7HFKQRORJ\RI:HOGLQJDQG-RLQLQJ
(VODPL 3 .DULPL 7 $  $Q ,QYHVWLJDWLRQ RQ 'LIIXVLRQ%RQGLQJ RI $OXPLQLXP WR &RSSHU 8VLQJ (TXDO &KDQQHO $QJXODU ([WUXVLRQ
3URFHVVHV0DWHULDOV/HWWHUV
)HQJ-;XH6%/RX-</RX<%:DQJ6*0LFURVWUXFWXUHDQG3URSHUWLHVRI&X$O-RLQWV%UD]HG:LWK=Q$O)LOOHU0HWDOV
7UDQVDFWLRQVRI1RQIHUURXV0HWDOV6RFLHW\RI&KLQD
+DWFK-($OXPLQLXP³3URSHUWLHVDQG 3K\VLFDO 0HWDOOXUJ\´ $60,QWHUQDWLRQDO0DWHULDOV3DUN2KLRSS
/HH:%%DQJ.6 -XQJ6%(IIHFWRI ,QWHUPHWDOOLF&RPSRXQGRQWKH(OHFWULFDODQG0HFKDQLFDO3URSHUWLHVRI)ULFWLRQZHOGHG
&X$O%LPHWDOOLF-RLQWV'XULQJ$QQHDOLQJ-RLXUQDORI$OOR\VDQG&RPSRXQGV
0DL7$6SRZDJH$&&KDUDFWHULVDVWLRQRI'LVVLPLDOU-RLQWVLQ/DVHU:HOGLQJRIVWHHO.RYHU&RSSHU6WHHODQG&RSSHU$OXPLQLXP
0DWHULDOV6FLHQFHDQGHQJLQHHULQJ$
0XPLQ 6  -RLQLQJ RI$OXPLQLXP DQG&RSSHU0DWHULDOVZLWK )ULFWLRQZHOGLQJ 7KH ,QWHUQDWLRQDO -RXUQDO RI$GYDQFHG0DQXIDFWXULQJ
7HFKQRORJ\
0XUDOLPRKDQ&+0XWKXSDQGL 9  )ULFWLRQ:HOGLQJ RI 7\SH  6WDLQOHVV 6WHHO WR&S 7LWDQLXP XVLQJ1LFNHO ,QWHUOD\HU $GYDQFHG
0DWHULDOV5HVHDUFK
0XUDOLPRKDQ & +0XWKXSDQGL 9 6LYDSUDVDG .  7KH ,QIOXHQFH RI $OXPLQLXP ,QWHUPHGLDWH /D\HU LQ 'LVVLPLODU )ULFWLRQ:HOGV
,QWHUQDWLRQDO-RXUQDO RI0DWHULDOV5HVHDUFK
0XUDOL0RKDQ&KHHSX0XWKXSDQGL9/RJDQDWKDQ6)ULFWLRQ:HOGLQJRI7LWDQLXPWR6WDLQOHVV6WHHOZLWK(OHFWURSODWHG1LFNHO
,QWHUOD\HU0DWHULDOV6FLHQFH)RUXP
7DQ&:-LDQJ=*/L /4&KHQ<%&KHQ;<0LFURVWUXFWXUDO(YROXWLRQDQG0HFKDQLFDO3URSHUWLHVRI'LVVLPLODU$O&X
-RLQWVE\)ULFWLRQ6WLU:HOGLQJ0DWHULDOVDQG'HVLJQ
:HLJO0$OEHUW)6FKPLGW0(QKDQFLQJ WKH 'XFWLOLW\RI /DVHU:HOGHG &RSSHU$OXPLQXP &RQQHFWLRQVE\ 8VLQJ $GDSWHG )LOOHU
0DWHULDOV3K\VLFV3URFHGLD
;XH3;LDR%/:DQJ'0D=<$FKLHYLQJ+LJK3URSHUW\)ULFWLRQ6WLU:HOGHG$OXPLQLXP&RSSHU/DS-RLQWDW /RZ+HDW,QSXW
6FLHQFHDQG7HFKQRORJ\RI:HOGLQJDQG-RLQLQJ
<DMLH * *XLZX / +DL\XQ - =KRQJTL 6 *XDQMXQ 4LDR  ,QWHUPHWDOOLF 3KDVH )RUPDWLRQ LQ 'LIIXVLRQ%RQGHG&X$O /DPLQDWHV
-RXUQDORI0DWHULDO6FLHQFH
<LOPD]0&RO0$FHW0,QWHUIDFH3URSHUWLHVRI$OXPLQLXP6WHHO)ULFWLRQ:HOGHG&RPSRQHQWV0DWHULDOV&KDUDFWHUL]DWLRQ

